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6.1 Analytic Results 

1 Introduction 

The search for physically plausible four dimensional vacua represents a preeminent goal of con- 
temporary research in string theory. The challenges endemic to this search originate principally 
from the fact that string theory is a ten dimensional theory that must be compactified to four 
dimensions. The process of compactification necessarily introduces moduli fields that, from the 
standpoint of 4D effective field theory, must be stabilized with acceptable masses and vacuum 
expectation values. For the case of IIB string theory, the general procedure for addressing these 
questions by using internal fiuxes and non-perturbative terms has recently been developed. For 
reviews see [I] and [2]. 

One of the principal drawbacks of an early model, the KKLT scenario[3], is that the moduli are 
a priori stabilized at values producing a negative cosmological constant and that supersymmetry 
(SUSY) remains unbroken. In order to achieve a de Sitter minimum the authors introduce D3 
branes into the compactified volume. This uplifts the scalar potential to a positive value and 
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breaks supersymmetry. However, from a four dimensional supergravity (SUGRA) perspective, this 
construction breaks supersymmetry explicitly rather than spontaneously. Furthermore as argued 
in the logic of incorporating the non-perturbative effects implies that one should first find a 
classically stable string compactification (with at worst flat directions). The addition of D-bar 
branes vitiate this requirement, since they lead to a run- away potential for the Kahler modulus, 
decompactifying the internal manifold. Any phenomenology based on this model then is basically 
a test of this rather ad hoc uplift term, and so will have little to do with the underlying string 
theory. 

A subsequent model of IIB flux compactification, known as the Large Volume Scenario (LVS)[5], 
overcomes some of the problems of the KKLT model. In particular while the explicit minimum 
obtained there still has a negative CC, it breaks SUSY. Furthermore it can be argued that the 
phenomenological consequences (soft masses, etc.) are not strongly affected by the mechanism by 
which the CC is ultimately uplifted to positive values [6] [7] [8] [9] flO\ . In LVS, the compact volume 
is a so called Swiss Cheese manifold, with one large Kahler modulus and one (or more) smaller 

n 

Kahler modulo All of the moduli fields are again stabilized with a combination of fluxes and non- 
perturbative effects. However, this model is, in principle, susceptible to violations of constraints 
on flavor changing neutral currents (FCNC) ^ . This potential violation can be traced back to fact 
that the model uses more than one Kahler modulus. 

Essentially, the general expression for the soft masses in this model contains two terms, one 
flavor diagonal term coming from the large Kahler modulus, {Ti, ^{Ti) = ti), and one flavor non- 
diagonal term coming from the small Kahler modulus, (T^, ^{Tg) = tg). The ratio of these two 
terms is proportional to the ratio of their associated harmonic (1, 1) forms ui, Us {<jJi dual to t/. 
Us dual to ts). FCNC suppression then demands that ujs < 10^^ ^^^^^^ This can be achieved 

if the small Kahler modulus is chosen to be a blow up of a singularity some distance R from the 
stack of D3 branes and with R being larger than a certain lower bound (for details see [8]). 

While, in principle, there is no problem achieving this within the LVS construction it is still 

^The standard model fields are located on a stack of D7-branes wrapping an additional cycle which in some 
models tends to shrink below the string scale, or on a stack of D3 branes located at a singularity. We will assume 
for the purposes of this paper that the latter is the case here and will ignore this additional cycle and questions 
associated with its stabilization. 



3 



worthwhile examining whether this additional input discussed above can be avoided. This leads 
us to examine models that use a single Kahler modulus. We may follow the procedure of [5] and 
look for minima of the scalar potential in which the complex structure moduli are stabilized at 
points which are such that the SUSY breaking direction is orthogonal to these moduli. From here, 
we have the choice of assuming that the axio-dilaton is also stabilized at such a point or that it 
contributes to the breaking of supersymmetry. 

Our strategy is to consider various SUGRA models coming from IIB flux compactification. 
These models are defined by their Kahler potentials and superpotentials. We stabilize the moduli 
fields in these models either analytically or numerically and we examine the relevant particle 
phenomenology in each case. For the numerical results, we use standard minimization functions 
in Mathematica to locate minima and to evaluate the scalar potential and other quantities. In 
addition, we use the program STRING VACUA |16j in order to simplify these calculations but we 
do not make use of this program's algebraic geometry-based algorithms. We find that it is possible 
to find minima where supersymmetry is broken and with the scale of the cosmological constant 
being close to zero. In the simplest case the gravitino and hence soft mass scale is far above 
the TeV scale. Hence these models, while appearing to be consistent outcomes of type IIB string 
theory compactified on CY orientifolds with just one Kahler modulus, do not address the hierarchy 
problem and hence are not relevant for physics at the LHC. Nevertheless these are simple examples 
of SUSY breaking models with nearly zero cosmological constant coming from string theory. To 
get models with TeV scale gravitino mass on the other hand requires rather complicated models 
with several non-perturbative terms. These we analyze numerically and we present an example 
with lOTeV gravitino mass. 

This paper is outlined as follows. In section 2, we investigate a simple SUGRA model in which 
supersymmetry is broken by the Kahler modulus using non-perturbative and oi corrections. We 
derive both analytic and numerical results for this model. In addition, we discuss its phenomenol- 
ogy. In section 3, we derive similar results for a model in which supersymmetry is broken by 

^It should be noted that this procedure is just a shght extension of that fohowed in the original LVS paper [S]. 
Also we would like to stress that this LVS procedure is not the same as the so-called two stage procedure in which 
the dilaton and complex structure moduli are first integrated out (assuming that the relevant masses are high, and 
then studying the resulting theory for the light moduli). For some discussion on the validity of the latter see for 
instance [H] [H] [S] E] [IS] ■ 
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both the Kahler modulus as well as the axio-dilaton. In section 4, we summarize our results. We 
conclude by examining a natural extension of our first model in the appendix. 



2 Single Kahler Modulus + a' + Non-Perturbative Term 

We begin by examining a model of supergravity coming from IIB string compactifications on Calabi 
Yau orientifolds with D branes and fluxeqj- We assume that the MSSM lives on a stack of D3 
branes at a singularity. We consider a model with a single Kahler modulus, T, and an axio-dilaton, 
S, but with many complex structure moduli, [/*,(« = !,..., /i2i; /i2i > !)• In addition, we include 
an a' correction [19] and a non-perturbative term coming from either gaugino condensation or 
instantons. This model is defined by its Kahler and superpotentials given below 

K = -2 In ((1(T + T)f' + + S)f") - HS + 5) - \n{m U)\ (1) 

W = W}iUS,U) + Ae-''^. (2) 

Hert^ ^ = ~2{2-l)^ ' X = 2(/iii — /i2i), U represents all of the [/* and a = where is the rank 
of the hidden sector gauge group. Note that since the compactifications that we consider all have 
^21 > hii the parameter ^ is positive. We define the complex moduli fields as T = t + ir and 
S = s + ia. We will search for minima of this model's scalar potential that break supersymmetry 
along the T direction. 

2.1 Analytic Results 

We begin by examining this model (eqns. ([I]), 02])) analytically. The scalar potential can be written 

as 

V = e^ K^^DtWD^W + 23? (k^^DsWD^W^ -?,\W\^ + + (3) 



•^This particular niodel was first studied in [17] and [18]. We extend the study of tliis model by including various 
analytic and numerical results. 

^Our notation differs slightly from [5], ^ and ^ are interchanged. 
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We follow the approach of the LVS model and look for minima that break supersymmetry in a 
self-consistent large volume approximation 



■Wl . =+3/2| . ^f^f 3/21 . /^x 
\ mm \mm S — Si \mm V / 



This allows us to approximate the Kahler potential and its derivative as 



= t ^ ^ ( 1 _ X ) (6) 

(ts/2 + l)'k{U,U){2s) mU,U){2s) V t3/2 ) 



Combining these terms together we get for the scalar potential 



t^k{U,U){2s) 



— (a^\A\^e-^^') + 23? ({-aAe-^^){-2t)W) + -rh^\W\^ 
3 4t'^/^ 



'—2at p—at 1 

By extremizing the scalar potential only in the T direction, we will find that V\min ~ ^i^)- 
The terms in eqn. that involve and can be approximated as 



2^ (Ks^F^F-) r. O ( -o(^\ (8) 



\min 



XX M }} 

^5/2 ^3/2 ^1/2 J 

Since [F*^! and \F'^\ are both positive definite, we see that a large volume minimum with F^\ 
F^lmin = obtained by looking at the T minimization conditions will in fact be a minimum of the 
full potential V{S,T, U) because motion along any of the moduli fields away from the minimum 

We now proceed to look at the conditions for a minimum with respect to T of \^ □. From 



^This is essentially the same procedure as in [5]. 
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eqn. we may extract the axion dependence of the scalar potential 



V(t) = (23? (-aAe-''^Wo(-2t)))) 

We define the complex quantities as follows, A = \A\e'^^, Wq = {Wole'^'^o (Wq = W{S, f/)fiux| 
The potential's axion dependence now becomes 



(9) 



{\A\\Wo\cos{aT - (j)A + (pwo)) 



(10) 



Where we have assumed that 



{2s)(k(U,U)) I 



(9(1). Extremizing with respect to r, 



V\t) = {\A\\W,\ sin(ar - </.^ + <^^J) = 



The set of solutions to this equation is 



ar — (t)A + 4>Wq = nn n e Z 



(12) 



This set of solutions gives us insight into the structure of the Hessian matrix. In order to find 
minima of the potential, we must find extrema for which the eigenvalues of the Hessian matrix 
are all positive. From eqn. ( TTTl) and (IT^ we see that the off-diagonal terms vanish, ^^\min = 



9V I 
atdr I™" 



0. This simplifies the Hessian matrix to the following form 



V 







From this matrix, we see that both eigenvalues are positive if and only if both d^V and d^V are 
also positive. 

We now check the concavity of the potential at the r extremum. 



V"{t) = [\A\\Wo\cos{aT - (Pa + ^wo)) 



3„—at 



(13) 



7 



In order to isolate a minimum, we require V" > 0, therefore 

ar - 0A + (f)Wo = (2n + l)7r neZ (14) 



Inserting eqn. (JHj) into eqn. (fTOl) with = = 0, we compute the scalar potential for this 
model and expand in negative powers of the volume. For large volumes the potential can be safely 
approximated by 

V ~ ^(a^l^l V^'^*)^ + 4(a|A|V2'^* - all^oPle-"*)^ + ^^^^ + ... (15) 

Where we have again assumed that i^2s){k{uu)) I™" ~ ^(1)- 

From here, the scalar potential can be further simplified with knowledge of the magnitude of 
Wq. There are two relevant regimes, \Wq\ ~ e~"* and \Wq\ ^ e~"* that may lead to the sort of 
minimum we are looking for. In the first regime we see that the a' correction term (the last term 
of eqn. ( JT5l) ) can be ignored. This is then essentially the KKLT situation and the corresponding 
minimum is supersymmetric. The numerical search for minima in this limit confirm that such 
minima are indeed supersymmetric. 

We now investigate the remaining regime, \Wq\ ^ e~'**. In this limit, the scalar potential is 
exponentially suppressed at large volumes and simplifies to 

l^~-(4|iyo|(a|A|e--))^ + ^ + ... (16) 

We solve for the minimum of this potential by suppressing the term in the derivative that is 
~ O ^ '^0'^^ °* ^ . This is tantamount to assuming that at > 0{2). The extremization condition 
{dtV = 0) yields the relation 

|W^o| = ||(a^|A|e--)t^/^ (17) 

This shows that at the minimum of the potential, |Wo| is much larger than e"*^*, which is consistent 
with our original assumption. Checking for positive concavity of the minimum and using the same 
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approximation {at > 0{2)) gives the condition 

8^11/2 \ 2tJ ^ ^ 

We see from this equation that for at < 11/2 this extremum is a minimum (note that this is 
essentially a condition relating the fluxes and a as is evident from eqn. (fT7|) ). Therefore, the 
gravitino mass is bounded from below by 

m3/2 ~ ^ > ~ 10"' Mp or 10^^ GeV (19) 

For ^ ~ (9(100). We may estimate the value of the scalar potential at the minimum by inserting 
eqn. ( |T71) into eqn. ( |T6l) . This yields the following relation 



32ty^aJJ 4^9/2 

^ A + i) (20) 

4t9/2 I 2at^ J ^ 

For at ~ V\min ~ (^). This is in agreement with our original assertion about the scale 

of V\min, namely, for large volumes, V\min is suppressed relative to the terms in the full potential 
V{T, S, U) that are proportional to or . Therefore, this is a minimum of the full scalar 
potential. It is a deSitter minimum for | < at < y. It is important to reiterate that this bound 
on at is approximate and principally used to make an order of magnitude estimate on the lower 
bound of m3/2. Exact bounds on at necessary for a deSitter minimum require one to numerically 



solvt 



the conditions dtV = and d?V > 0. 



We may check the stability of this minimum against the well known necessary criteria estab- 
lished in the work of Covi et.al. |2T] (see eq. 5.35) as well as [22j. The relevant bound is 

e > (21) 



16V ~ 105m2/2 



^We thank Alexander Westphal and Markus Rummel for discussing this issue. The exphcit calculation of the 
deSitter bounds of at is performed in |20] . 
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For our model, we maximize V\ 



and observe that 



16V ~ 105xllx4t9/2m2/2 385V 



(22) 



Therefore, we confirm that this necessary condition is indeed satisfied. 

We may also check whether this minimum is stable under quantum corrections. As discussed 
in [23] [23] [25] , the Kahler potential (eqn. ([1])) receives corrections at 1-loop of the form 



K + 

7 ■ 7 



f{A,A,U,U) 

s + s 



+ 



(23) 



Here, f{A, A, U, U) is a function of the open string scalars as defined in |24]. For our model, this 
translates into a scalar potential of the form 



V 



ci{S + S) 



3/2 



+ 



C2 



(24) 



where q < (9(10). Comparing this with eqn. ( 120|) . we may identify the 1-loop correction as the 
term ~ O (^-^^^^j^-^^ . We see that for s ~ 0{1) the 1-loop correction indeed alters our minimum. 
In order to suppress this correction we need to choose fluxes such that the value of s is large 
enough. From eqn. fl2^ . we find that for 



{S + S)>{T + T) 



1/7 



(25) 



the quantum term in eqn. (12^ can be ignored and we recover our original minimum. For example, 
if t ~ 10, s must be > 1.4 to suppress the quantum correctioijll. 

We now calculate the classical soft masses using the general expression [26] [27] 

ml-^ = VUnK-i^ + ml,^K^-^ - F^F^R^-^^-^ (26) 

^Consistency of the two super-covariant derivative expansion when the hghtest integrated-out scale is the Kaluza- 
Klein scale requires \Wq\ < t'^^"^. This implies t < 0(10). 
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For our model this reduces to 



ml-p ~ mli,K-p - F^F'^R^^-p (27) 

The calculation of the Riemann curvature tensor and the F-terms may be adapted from the results 
derived in [8j which follow from [28] and [21]. We quote the value of the soft mass, m^, (where 



1^% = ^iK^-p) below 



2 5^ 2 /DC 



- 8^3/2 "^3/2 

We conclude that the soft masses are not tachyonic (since ^ is positive). However, they are fixed 
at a scale comparable to ^3/2, i.e. parametrically above the weak scale and are thus of limited 
phenomenological interest. 



3 Single Kahler Modulus with S and T SUSY breaking 
3.1 Series Expansion Analysis 

We now investigate a class of SUGRA models in which supersymmetry can be broken in both the S 
and T directions. As in the previous example, we study models coming from IIB compactifications 
on Calabi Yau orientifolds with matter living on D3 branes at a singularity. We include Wilson lines 
in the compactification in order the break the gauge group into a direct product group IliSU{Ni). 
We assume that these groups condense to give non-perturbative corrections to the superpotential 
that break supersymmetry. Unlike the previous model, we do not include a' corrections to the 
Kahler potential. The generic expressions for the Kahler and superpotentials are given below 

= -31n(T + T) -ln(^ + :S) -ln(A;(f/,I7)) (29) 

W = A{U) + B{U)S + Y^Ci{U,S)e-''^^ (30) 

i 

Here, Xj = |^ where Ni is the rank of the ith gauge group and U represents all of the complex 
structure moduli {U"", a = 1, . . . , /i2i)- For our analysis we will assume that the exponential pref- 
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actors Ci are 0{1) and that their U and 5* dependence comes from threshold effects and internal 

) Therefore, the superpotential can be 



fluxes, i.e. Ci{U, S) = Q([/)e°'^. (See for example [29 
written as 

W = A{U) + B{U)S + J2 Ci{U)e-''^^+''^^ (31) 

i 

Let us now examine a technique for handling this model numericalljlj. Suppose that we identify 
a minimum of the scalar potential at a point, {Sq, Tq, Uq) in field space. Without loss of generality 
we assume that this point is real. We expand the superpotential only in fluctuations about the S 
and T directions. We assume that there is sufficient freedom in the choice of fluxes that once the 
minimization in these two directions are carried out fluxes can be chosen such that this remains 
a minimum with some value of U such that = 0. With a sufficient number of 3-cycles this 
should be always possible. We expand W as 

Wis, T,U) = J2 anm{U)iS - SoTiT - nr (32) 

n,m 

Comparing this with eqn. ( I30l) gives 

anm = -^d^sdrWo 
nlml 

= -^[{Ao + SoBo)6noSmo + Bo6ni6mo + y2{-x,^^''sC^oe-'''^'] 
nlml ^-^ 

i 

— p-XiTo q-nrp-m- 

Where Wq = W{So,To, Uq). We now redefine the fields as {S = S/So, f = T/Tq). We may then 
write the superpotential as 

W = e-"''^o ^"™(^ - - 1)" = (^'"'^"W (34) 



^In this paper the fluxes are used to break the SU{5) gauge group containing the standard model. Here by 
contrast we are breaking the condensing group which generates the non-perturbative terms in W . 
^The following method was first outlined in [3]. 
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This results in an overall scaling of the scalar potential 

-2x,To — — _ 

V = ^^V{S,T,U,S,T,U) (35) 

where V is defined in terms of W and K = —?> ln(T + T) — ln(S' + S) — \n.{k{U, U)). 

Expanding the superpotential in a Taylor series allows us to control the location and value of 
scalar potential's minimum. Since the Hessian matrix for the scalar potential only depends on 
terms up to third order in the expanded superpotential, we can arbitrarily tune a minimum of the 
scalar potential by solving the following system of equations (from eqn. 033 p ) 

fioo = e^^^o(Ao + 5o5o) + $^aoe-("'-"^)"'° 

i 

i 

fiol = To5^(-a;,)Qoe-("'-"^^"^° 

i 

«30 = yE^^C'.oe-(---)^° (36) 

i 

3.2 Numerical Example 

Following the arguments of the previous section we consider the following SUGRA model 

= -31n(T + T) -ln(^ + :S) -ln(A;(f/,F)) (37) 

W = Ao + Bq* S + Cie-^'^'^+"i'^ + C2e-^2'^+"2^ + C3e-^^'^+"3^ + ^46"^*^+"*^ (38) 

We include four non-perturbative terms because expanding the superpotential to third order re- 
quires ten independent parameters. If we want to construct a minimum of the scalar potential with 
the gravitino mass fixed to a certain scale it turns out that unless we include four non-perturbative 
terms it is too hard to solve for a minimum. We can construct an extremum of the scalar potential 
with two or three non-perturbative terms but we cannot guarantee that such an extremum is a 
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minimum because we lack enough free parameters to simultaneously solve all ten equations given 
above (eqn. (136|) ). 

For models with two or three non-perturbative terms, requiring the extremum to be a minimum, 
in principle, defines some region in 3-dimensional parameter space, (e.g. {(aoo, «io, ^oi)}). This 
region is identified by requiring the eigenvalues of the Hessian to be positive definite. However, 
general expressions for the eigenvalues are complicated enough to prevent the identification of this 
region in a computationally tractable manner. Therefore, including four non-perturbative terms 
and solving the system of equations given above (eqn. (136!) ) is the most reliable technique for 
identifying a minimum in this class of models. 

From these arguments we construct a Minkowski minimum with m^i2 ~ 10 TeV for the fol- 
lowing values of the parameters given in tabled] Plots of this minimum along the s, (3^(5')), and 
t, (3ft(T)), directions are given in figures [T] and |2l This minimum is adapted from the local model 
identified in [1]. 





Ao = 1.85 * 10~*^ 


Bo = 


: 1.6* 10^ 


10 Ci = -3.4 xi = 


2tt 
30 




ai = -1.06 C2 


= 13.3 


^2-29 


a2 = -1.1 C3 = - 


17.7 




X3 O3 
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C4 = 8.1 


0:4 = |y 0:4 = —1.1^ 
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^0 1 min 













mli^ = e^\W\'^ 


1.3x10-28 












3.2x10-28 












6.8x10-29 











Table 1: Moduli field vev's, F-terms, Gravitino mass and the Cosmological Constant for SKM + 
4 Non-Pert Terms at a non-SUSY minimum of the scalar potential (in Mp = 1 units). 



In this example we note that, at the minimum of the potential, \Fs\ ~ 4|Fr|. In principle we 
expect \Fs\ and \Ft\ to be of the same order. In fact, the relatively low scale of 7713/2 for this model 
depends on these two F-terms making comparable contributions to the SUSY breaking. In the 
limit of IF^I — J-O with \Ft\ 7^ we return to the situation described by well-known no-go theorems 
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Figure 1: Vmin for <t>= 40 
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Figure 2: Vmin for <s>= 2.1 
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[22][2T][1] and there would be no deSitter minimum. When \Fs\ is non-zero but subdominant to 
1^7^ I we may plausibly recover a high scale deSitter minimum, analogous to the previous model, 
with the axio-dilaton playing the role of a subdominant correction to the Kahler modulus. In 
either low scale deSitter minimum depends crucially on that fact that \Fs\ ~ \Ft\- 

We may calculate the soft masses for this particular example by following the approach of [30] . 
Namely, we may express the full Kahler potential, including matter fields as 

K = K^od + Z(T)„^$"$'' + . . . (39) 

Where, Z{T)^-p = ^ and K^od = -3 ln(T + T) - \n{S + S)- \n{k{U, U)). The soft masses can 
be calculated from the Kahler potential following the general expression given in eqn. (!26l) . The 
only relevant non- vanishing curvature component is RTTa]3 — l^TT^ap ~^ 0{^^). Therefore, for 
this model, the soft mass expression becomes 

mlZ^-^ = (ml/, - ^F^F^K^^^ Z-^ = ^F'f'KssZ-^ (40) 

Therefore, m^^2.2 x 10~^^ Mp or ms~4.8 TeV. Note that as long as VQ<^m1i, for this class of 
models, ml will always be roughly equal to and hence positive. 

It is worth reiterating that this specific model, including all its relevant scales, has been arbi- 
trarily chosen. We are free, in principle, to generate a model with any desired scale by solving the 
corresponding system of equations (eqn. (136|) ). What we have demonstrated is a general technique 
for finding such models. 

4 Conclusion 

We have demonstrated that there exists physically plausible vacua coming from IIB string com- 
pactifications on Calabi-Yau orientifolds having one Kahler modulus together with fluxes and 
D-Branes. Such models have natural FCNC suppression due to the fact that they contain only 
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In the simplest model, (eqns. ([I]),(l2])), an a' correction allows SUSY to 
be broken along the T, (Kahler modulus), direction. A Minkowski or de Sitter classical minimum 
is attainable but the soft mass phenomenology is such that it is of no relevance for the hierarchy 
problem. This is due to the fact that the gravitino mass is fixed at a high scale (^3/2 ^ 10^'^ x Mp). 

In the second model, (eqns. fl37|) . fl38|) ). the gravitino mass can be set to any scale by appropriate 
choice of fluxes. SUSY is broken in both the 5, (axio-dilaton), and T, (Kahler modulus), directions 
and we expect both fields to contribute comparable F-terms. The classical cosmological constant 
as well as the location of the minimum in field space can be tuned by solving the appropriate 
equations coming from the Taylor series expansion of the superpotential (eqn. ( l36l) ). However, in 
order to solve these equations in a tractable manner, the superpotential must include at least four 
non-perturbative terms. 

Finally let us observe that while in principle it is possible to find models (as demonstrated 
by the above numerical example) that can in fact give a phenomenology that is relevant to TeV 
scale physics, it is hard to obtain generic consequences of the entire class of such models. The 
phenomenology is clearly quite sensitive to the model parameters (fluxes choices). This is quite 
unlike the case of LVS models where with a few general assumptions about the location of the 
MSSM a viable phenomenology is obtained [6] [7j [8] [9] [ID] • While the original motivation for this 
investigation was in fact to remove the requirement on the location on the MSSM cycle, that is 
needed in the LVS case, to satisfy FCNC constraints, the upshot of our investigation actually 
strengthens the case for this scenario. 
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^"Quantum corrections will not alter this picture due to the large volume suppression, see |31) . 
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6 Appendix: Single Kahler Modulus + a' + RaceTrack 

We may naturally extend our first model, (eqns. ([Il),(l2])) to include the effects of two non- 
perturbative corrections to the superpotential. This model is given below 

= -2 In ((1(T + T)f' + f (^(5 + - HS + S)- \n{mU)) (41) 

W = Wfi^^iS, U) + Ae-"^ + Be-^^ (42) 

Here ^ = X = 2(/iii — /i2i) and a = 6 = where N and M are the ranks of two hidden 

sector gauge groups. We may naively believe that is model will yield an improvement on the first 
model, but as we shall see, this improvement is only minor. Ultimately, the gravitino mass is still 
fixed near the Planck scale. As before we define the complex moduli fields as T = t + ir and 
S = s + ia and we search for minima of this model's scalar potential that break supersymmetry 
along the T direction. 



6.1 Analytic Results 

As with our first model, we may identify minima of the full scalar potential, V{S,T, U), by min- 
imizing V(T) with F^lmin = F^lmin = 0. Our analytic results are essentially a straight forward 
generalization of the simpler model. We present them here with a modicum of redundancy. 

Taking the large volume approximations (eqns. (!4]),(l5]),(l6])) we get a full expression for the 
scalar potential 



V 



1 



t^k{U,U){2s) 



At 



2 



3 



+2m-aAe~"'^ - bBe-'^){-2t)W) + ^l^^l'] (43) 
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From eqn. (H3l) we may extract the axion dependence of the scalar potential 

V(t) = L (2^( - aAe-''^Wo(-2t) - aAe-^^Be~''^{-2t) - hBe'^'^W ^{-21) 



65e-^^Ze-"^(-2t) + ^aAe'^'^bBe-'^)) (44) 



t^k{U,U){2s 

We define the complex quantities as follows, A = |A|e''^^, B = \B\e''f"' , Wq = jPFole^'^^o, [Wq 
Wfiuxlmin) ■ The potential's axion dependence now becomes 



V{t) = ^(^4ta\A\\Wo\e-''^cos{aT-^A + ^Wo)+4:tb\B\\Wo\e-''^cos{bT-^B + 



'Wo J 



{-fab + Aat + 46t) | A| |5|e-("+'')* cos((a - 6)r - 0a + ) (45) 
3 / 



Where we have again assumed ~ C^(l)- Extremizing with respect to r, 



V'{t) = ^(^ - 4toVl|W^o|e""*sin(ar - 0a + 0m,) - 4^6^151 |Wo|e"^* sin(6r - 0^ + 



-(a-6)(-t2a6 + 4at + 46t)|A||5|e-(''+^)*sin((a-6)r-0A + 0B)) =0 (46) 
The only set of solutions to this equation that is independent of and \Wo\ is 

ar — 0A + 0H/o = '"■TT br — (f)B + 4>w<i = "^^r n^m eZ (47) 
We now check the concavity of the potential at the r extremum, 

V"{t) = ^(^ - 4ta3|A||Vro|e-"*cos(ar - 0a + 0vko) - 4t6^|5| iW^ole"^* cos(6r - 0b + 0iyo) 

-(a - bf{-eab + 4at + 46t)|A||5|e-('^+*)* cos((a - 6)r - 0a + 0b)) (48) 
3 / 

In order to isolate a minimum, we require V" > 0. This condition, in turn, depends on the 
value of t, a, b, \A\, \B\ and \Wo\. In the limit where \Wo\ ^ e~"*, y can be made positive if 

— 0A + 0Wo = (2?T- + l)7r br — (j)B + 0Wo = (2"^ + l)7r n,m (49) 
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Inserting eqn. ( H9l) into eqn. (H5l) . we compute the scalar potential for this model and expand 
in negative powers of the volume. For large volumes the potential can be safely approximated by 

(a+b)t\ 



t 

V2 



+4(^6|S| V^''* + a|A|2e-2"* + \A\\B\{a + h)e~^''+^^' - \WQ\{a\A\e'^' + h\B\e-^')^\ 



3 w^or^ 

H — — + . . . 
4V3 

From here, the scalar potential can be further simplified with knowledge of the magnitude of Wq. 
Again, there are two relevant regimes; assuming a ^ b, \Wq\ ~ e~"* and \Wq\ ^ e~°*. As in the 
simpler model, minima in the first regime (a ~ b, \Wo \ ~e~"*) are supersymmetric. One may see 
this by examining the potential in this regime. With the benefit of foresight, we first assume that 
1 ~ (cit)e~"*. In this limit, the scalar potential is volume suppressed yielding 

V ~ ^(62|5|V2''* + aV|V2'^* + 2a6|A||5|e-("+^)*)^ (51) 

t 



\Wo\{a\A\e^''' + b\B\e~ 



-6t^ 



V2 

One can solve for the minimum of the scalar potential. At this minimum, \Wo\ is 



b^\B\ 




A\ 


2e-2»* + {a + b)ab\A\\B\ 




a2 


\A 


.|e-"* + 62|5| 





This is consistent with our original assumption, \Wq\ ~ {at)e As in the simpler model, this 
minimum is supersymmetric. One can see this by examining the F-term flatness equation. 

DtW = drW + KtW = -aAe-"'^ - bBe~^'^ = (53) 

Therefore, at the minimum, 

\Wo\r^ (at)e""* (54) 

This is the same order of magnitude estimate that we initially assumed. The numerical search for 
minima in this limit confirm that all such minima are indeed supersymmetric. 
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We now investigate the remaining regime, \Wo\ ^ e In this hmit, the scalar potential is 
exponentially suppressed at large volumes and simplifies to 

V^- {4\Wo\{a\A\e-^' + &|S|e-^*)) ^ + ^ + • • • (55) 

Solving for the minimum and assuming that at ^ bt > 0(2) (as in the earlier model) gives the 
condition 

\Wo\ = |l((a2|A|e-«* + 62|B|e-''*))t^/2 (56) 

This shows that at the minimum of the potential, \Wo\ ^e~"*, which is consistent with our original 
assumption. Checking for positive concavity of the minimum gives 

V'-S^f— ;^)-^(^-<.)l^k-">0 (57) 



We see from this equation that for at < 0{7) this extremum is a minimum (this is an approximate 
upper bound based on the assumption that a ~ 6). This should be compared with the upper 
bound obtained in our first model {at < 11/2). We see that there is only marginal improvement 
our first model. The gravitino mass is bounded from below by 

I Wn I 

m3/2 ~ ^ > 5 X 10^^ Mp or 5 X 10^^ GeV (58) 

Where, as before, ^ ~ (9(100). We may estimate the value of the scalar potential at the minimum 
by inserting the extremization equation (eqn. ( 156|) ) into eqn. ( 155|) . This yields the following relation 



32t7/2a a J J At^/^ 
4t9/2 \ 2at J t^ ^ ^ \ aj ^ ' 

In principle, V\min can be fine-tuned to zero. Due to the transcendental nature of eqn. fl59|) . 
this has to be done numerically. We also note that, as with the first model, this model is, in 
principle, susceptible to destabilization via 1-loop quantum corrections (a la eqn. (|24l) ). However, 
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with sufficiently large values of s, this correction can be suppressed and the classical minimum 
maintained. 
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